Magnetic-domain-controlled vortex pinning in a superconductor/ferromagnet bilayer 
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Vortex pinning in a type-II superconducting Pb film covering a Co/Pt multilayer with perpen- 
dicular magnetic anisotropy is investigated. Different stable magnetic domain patterns like band 
and bubble domains can be created in the Co/Pt multilayer, clearly influencing the vortex pin- 
ning in the superconducting Pb layer. Most effective pinning is observed for the bubble domain 
state. We demonstrate that the pinning properties of the superconductor/ferromagnet bilayer can 
be controlled by tuning the size, density and magnetization direction of the bubbles. 



Magnetic flux penetrates type-II superconductors in 
the form of quantized vortices, which have the tendency 
to form a periodic lattice. These vortices move when a 
current is sent through the superconductor, thus causing 
dissipation and limiting the critical current density j c of 
the superconductor. To enhance j c , vortex motion must 
be prevented. The latter can be achieved by introducing 
different pinning centers such as defects created by ion 
jlj or neutron irradiation Q , lithographically introduced 
holes j| §, §, or magnetic dots §, @, |, §. 

Recently it was proposed that vortices in a super- 
conductor/ferromagnet (SC/FM) multilayer are strongly 
pinned if the FM has a stripe domain structure, which 
typically exists in thin magnetic films with perpendicu- 
lar anisotropy fTo|] . Enhanced pinning was observed in 
SC/FM bilayers compared to SC reference films [jfl], [l2| . 
However, in these studies the domain structure of the 
FM was unknown. In this Letter, we systematically 
investigate the influence of the domains in a ferromag- 
netic Co/Pt multilayer with perpendicular anisotropy on 
a type-II superconducting Pb film grown on top of the 
FM. Stable domain structures can be produced in a con- 
trolled way by magnetizing the sample before measuring 
the superconducting properties of the Pb film. We show 
that the strongest vortex pinning is obtained when local- 
ized domains (bubble domains) are present in the FM, 
and that by changing size and density of the bubbles one 
can control and optimize the vortex pinning. 

The Co/Pt multilayer is deposited on a Si substrate 
with amorphous Si02 top layer in an MBE appara- 
tus by e-beam evaporation. The multilayer has a 
[Co(0.4 nm)/Pt(1.0 nm)]io structure on a 2.8 nm Pt 
base layer. A 10 nm Ge film, a Pb film with thick- 
ness dpb = 50 nm and a 30 nm Ge capping layer are 
subsequently evaporated on the Co/Pt multilayer (see 
Fig. [I]) at a substrate temperature of 77 K. The Pb film 
has a critical temperature of T c — 7.23 K. The pene- 
tration depth A(0) = 42 nm and the coherence length 
£(0) = 41 nm are estimated from measurements of the 
temperature dependence of the upper critical field. The 
Ge film between Pb and Co/Pt is insulating at low tem- 
peratures, so that the proximity effects between Pb and 
Co/Pt are suppressed. 

The Co/Pt multilayer has perpendicular magnetic 
anisotropy pM, which is confirmed by hysteresis loop 
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FIG. 1: Schematic presentation of the investigated supercon- 
ductor/ferromagnet layered structure. 
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FIG. 2: Hysteresis loop of the Co/Pt multilayer measured by 
MOKE at room temperature. Magnetic field H is applied 
perpendicular to the sample surface. The dashed area shows 
the field range where magnetization measurements of the su- 
perconductor were carried out (Fig. ^). 



measurements using the magneto-optical Kerr effect 
(MOKE). Fig. H shows the magnetization Mf m of the 
Co/Pt multilayer, normalized to the saturation magneti- 
zation M s , as a function of the magnetic field H applied 
perpendicular to the surface. The loop has an almost 
rectangular shape with H n = 0.6 kOe, H c — 0.93 kOe, 
and H s = 1.45 kOe, where H n , H c and H s are the nucle- 
ation, coercive and saturation field, respectively. 

The microscopic domain structure of the Co/Pt multi- 
layer has been investigated by magnetic force microscopy 
(MFM) at room temperature and H = 0. Figs. ||(a)-(c) 
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show MFM images of the sample in different stable re- 
manent magnetic states. In Fig. ||(a), the sample has 
been demagnetized by oscillating H around zero with 
decreasing amplitude perpendicular to the surface. The 
dark and bright regions in the image are domains with 
local magnetic moments m either pointing up (to > 0) 
or down (to < 0), perpendicular to the sample surface. 
The observed band domain structure is typical for Co/Pt 
multilayers |l4j . The width of the band domains is about 
0.2 - 0.4 /j,m. 

The images shown in Figs. ||(b) and (c) are obtained 
after applying a negative field of —10 kOe, sweeping H 
to a positive value between H n and H s as indicated in 
Fig. ||, and then removing H. When H is increased to 
a value slightly higher than H n , small localized domains 
(bubble domains) with magnetic moments to > nucle- 
ate in the film. These bubbles are stable after removing 
H, as can be seen in Fig. ||(b). When H is further in- 
creased, the bubbles grow and aggregate. At H = H c , 
there is an equal number of positive and negative to. If 
H is further increased, the number of negative m de- 
creases and the domains with to < become localized 
(see Fig. ||(c)). At H — H s , the film is saturated with all 
to > 0. We introduce the parameter s, which is defined 
by the percentage of magnetic moments that are pointing 
up (to > 0), to describe the different remanent magnetic 
states obtained after this magnetization procedure. For 
the images shown in Figs. |3|(b) and (c), s is given by 
the dark area divided by the total area,which is in good 
agreement with s calculated from Fig. Q 

The bubble domains in Fig. ||(b) typically have a size 
of about 0.35 //m, whereas the average size of the bub- 
bles in Fig. ||(c) is about 0.25 /im. Another parameter 
changing during the reversal process is the number of 
bubbles per unit area 5. For H only slightly higher than 
H n , S is very small, but once the bubbles have nucleated 
in the FM, the reversal process is dominated by domain 
wall movement and S does not change significantly dur- 
ing this process. From the MFM images, typical values 
of S = 1 — 2 bubbles//im 2 are derived. 

After MOKE and MFM measurements, the supercon- 
ducting Pb film is deposited on the Co/Pt multilayer 
and the vortex pinning properties are studied by using a 
Quantum Design SQUID magnetometer. First the FM 
is brought into a specific magnetic state by applying the 
same magnetization procedure as for the MFM measure- 
ments at 300 K. The magnetization of the FM Mf m is 
determined from M(T) data as M fm = M(T > T c ), 
from which the parameter s of each domain structure is 
calculated. Repeating the M(T) measurements in sev- 
eral applied fields (\H\ < 120 Oc < H n , see Fig. |) 
did not change the value of Mf m , implying that the do- 
main structures are not altered by these small fields. The 
pinning strength related to each domain structure is de- 
termined at 6.9 K by measuring M as a function of H 
applied perpendicular to the surface from —120 Oe to 
+120 Oe. In order to compare the magnetization curves 
measured in the different magnetic states, M/ m is sub- 



tracted from all curves shown in Fig. || (d)-(f), i.e. only 
the irreversible magnetization of the SC M sc — M — Mf m 
is plotted. At 6.9 K, £(6.9K) = 0.19 ^m and the effective 
penetration depth A(6.9K) = A 2 (6.9K)/d Pb = 0.76 ^m. 

The upper M SC (H) curve shown in Fig. [j|(d) is obtained 
after demagnetization (corresponding to the MFM image 
shown in Fig. ||(a)) and the lower one in the s = state, 
i.e. with the FM fully magnetized in the negative direc- 
tion. For both magnetic states, a symmetric curve is 
found. The amplitude of M SC (H) (which is a measure 
for the magnitude of j c {H) ||) is lower for all H when 
the FM is in the demagnetized state compared to the 
,s = state. This unambiguously shows that the domain 
structure influences the SC, but does not enhance the 
vortex pinning in this sample. In the s = state, the 
stray field of the magnetic film has its largest amplitude 
at the sample boundary and is much smaller above the 
center of the FM. This means that the interior of the SC 
is only weakly influenced by the stray field. Contrary to 
that, the alternating stray field above the band domains 
suppresses the order parameter in the SC and may even 
lead to the creation of vortex-antivortex pairs connecting 
the domains with opposite magnetization and resulting 
in a reduction of j c 



10 



This is also reflected by a de- 
crease of T c of the SC to 7.04 K when the band domains 
are present in the FM. 

When bubble domains are present in the FM, the 
M SC (H) curve becomes strongly asymmetric with respect 
to H. The direction of the asymmetry depends on the 
mutual orientation of H and the magnetic moments to 
of the bubbles. Fig. ||(e) shows two M SC (H) curves with 
to of the bubbles pointing in the positive direction as in 
Fig. |(b). Both curves have a larger amplitude of M sc 
for positive H. The upper curve in Fig. |](f) is obtained 
after magnetizing the FM in H = -20 kOe -> +H C -> 0, 
i.e. s — 0.5. M SC (H) is almost completely suppressed 
for this domain state. The other two curves of Fig. ||(f) 
are obtained with to of the bubbles in negative direction 
as in Fig. ||(c). Also for this configuration the M SC (H) 
curves are asymmetric, but reversed with respect to the 
field polarity compared to Fig. ||(e). 

The asymmetry of M SC (H) can be explained by a mag- 
netic interaction between vortices and bubble domains. 
The magnetic interaction can be caused by (i) the inter- 
action between the magnetic field of the vortices B and 
the magnetic moments to in the FM (interaction energy 
E = —mB, resulting in attractive interaction for to and 
B having the same polarity, and in repulsive interaction 
for to and B having opposite polarity), and (ii) the inter- 
action between the vortices and the supercurrents gener- 
ated in the SC by the stray field of the domain structure. 
During the measurement of M SC (H) shown in Fig. §(e), 
the FM has had bubbles with to > 0. Hence, evaluat- 
ing the interaction term E = —mB, the bubbles act as 
pinning sites for vortices when H > 0, resulting in the en- 
hanced amplitude of M sc for positive H. Consequently, 
the bubble domains with to < in Fig. ^|(f) are pinning 
centers for vortices when H < 0, giving a larger ampli- 
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FIG. 3: (a)-(c) MFM images (5x5 fJ-m 2 ) at room temperature and H = of the Co/Pt multilayer in different magnetic states: 
(a) after demagnetization, (b) after magnetizing the sample in a perpendicularly applied field H = — 10 kOe — > +0.83 kOe — » 
(s = 0.15), (c) = —10 kOe — ■> +1.10 kOe — ■> (s = 0.95). (d)-(f) Magnetization measurements of a type-II superconducting 
Pb film covering a Co/Pt multilayer: (d) (o) after demagnetization, (•) in the s — state, (e) (o) s = 0.3, (•) s = 0.1, and 
(f) (-) s = 0.5, (o) s = 0.7, (•) s = 0.85. 



tude of M sc for negative H. This behavior is consistent 
with the vortex pinning properties of out-of-plane magne- 
tized dots S . Assuming that one bubble can pin one vor- 
tex, we can estimate a "matching" field H matc h at which 
all bubbles pin a vortex: H matc h = 4>o°~ ~ 20 — 40 Oc, 
using S = 1 — 2/ /im 2 and the flux quantum </> . In this 
field range, M sc indeed has a strongly enhanced ampli- 
tude for H > in the s = 0.1 state and for H < in the 
s = 0.85 state, indicating strong pinning of vortices. 

At small fields \H\ < 3 Oe, j c is not increased by any of 
the investigated domain structures compared to the "ref- 
erence" s = state in which domains are absent. This 
can be attributed to the stray field above the domains, 
which results in an overall reduction of the superconduct- 
ing order parameter ip. Figs. ||(e) and (f) also show that 
more effective vortex pinning is achieved for bubbles with 
smaller size and lower density. The amplitude of M sc can 
be increased up to a factor of 3 when comparing the s = 
state with the lower curve of Fig. ||(f), and a factor of 2 



compared to the middle curve of Fig. ^(f). This indicates 
that a reduced ip associated with bubbles with larger size 
and higher density counteracts efficient vortex pinning, 
even leading to the extremely weak amplitude of M S JH) 
for the s = 0.5 state shown in the upper curve of Fig. 0(f). 

In conclusion, we have shown that the domain struc- 
ture in a magnetic film can significantly influence the 
vortex pinning in a type-II superconductor. By tuning 
the density of bubble domains in the magnetic film, one 
can control the vortex pinning. This could be used to 
design logical devices based on the control of supercon- 
ductivity by magnetic domain structures JTo[ . 
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